ABSTRACT Thermotaxis by individual amoebae of Dictyostelium discoideum on a temperature gradient is described. These amoebae show positive thermotaxis at temperatures between 14°C and 28WC shortly (3 hr) after food depletion. Increasing time on the gradient reduces the positive thermotactic response at the lower temperature gradients (midpoint temperatures of 14, 16, and 18°C), and amoebae show an apparent negative thermotactic response after 12 hr on the gradient. The thermotaxis response curve for "wild-type" amoebae after 16 hr on the gradient is similar to that shown for the pseudoplasmodia. Growth of the amoebae at a different temperature causes a shift in the thermotaxis response curve for the amoebae. This adaptation is similar to that shown for the pseudoplasmodia. Two mutants in thermotaxis, H0428 and H0813, show changes in amoebal thermotaxis similar to the observed changes in pseudoplasmodial thermotaxis. On the basis of the similarities between these responses, thermotaxis by the amoebae is proposed to be the basis for thermotaxis by the multicellular pseudoplasmodium.
Amoebae of the cellular slime mold Dictyostelium discoideum live and grow in the mulch on the forest floor, where they feed on bacteria. Upon depletion of the food supply, the amoebae aggregate, forming a multicellular pseudoplasmodium that eventually develops into a sorocarp consisting of a stalk bearing a sorus containing spores. Under the proper conditions, the spores may germinate, releasing amoebae, thus repeating the developmental cycle (1) . Much of the work with this organism has been centered upon its development and the fact that one can easily separate growth and cell division from development.
Dictyostelium is also being increasingly recognized as an ideal system for the study of sensory transduction in a eukaryotic organism. Sensory responses thus far described are chemotaxis by the amoebae to cyclic AMP (2) and folate (3) , both positive and negative phototaxis by the amoebae (4) (5) (6) , chemotaxis by the pseudoplasmodia to an endogenous "slug turning factor" (7) , phototaxis by the pseudoplasmodia (8) (9) (10) (11) , and positive and negative thermotaxis by the pseudoplasmodia (8, 12, 13) . In addition to the phenomenology, work is also progressing toward an understanding both of the primary steps and of the transduction sequence for each of these responses. Moreover, the use of mutants is permitting a study of the interconnections between these various sensory responses.
Because of the ease with which the single-celled and multicelled stages may be separated in Dictyostelium, one would also expect this to be an excellent system for studying the expression of a particular sensory transduction system in the two motile forms, the amoebae and the pseudoplasmodia. However, neither chemotaxis nor phototaxis appears to use the same system in the pseudoplasmodia that is used in the amoebae. For example, the amoebae respond to cyclic AMP and folate, whereas the multicellular pseudoplasmodia do not, and the action spectra for phototaxis by the amoebae substantially differ from those for phototaxis by the pseudoplasmodia, suggesting different photoreceptor pigments regulating the responses to light.
Thermotaxis by the pseudoplasmodia has been known for many years (8) . The characteristics of this response include (i) a very high sensitivity (response to less than 0.0005'C across an individual pseudoplasmodium) and a relatively narrow temperature range across which the response is given, (ii) negative thermotaxis at temperatures several degrees below the temperature at which the amoebae were grown and permitted to develop into pseudoplasmodia and positive thermotaxis at higher temperatures, and (iii) adaptation-dependence of the direction of thermotaxis on the recent thermal history of the organism.
This work was undertaken to determine whether or not individual amoebae of D. discoideum also exhibit thermotaxis, and it was expanded after the affirmative answer to examine 'the relationship between thermotaxis by the individual amoebae and thermotaxis by the multicellular pseudoplasmodia. This paper reports the evidence supporting the conclusion that thermotaxis by the amoebae is the basis for the thermotaxis by the pseudoplasmodia.
MATERIALS AND METHODS
Amoebae of D. discoideum, strains HL50, H0428, and H0813 (14) , were grown in association with Klebsiella aerogenes (15) for about 22 hr at 23.5 ± 0.50C. At this time, the bacteria had been cleared from about 80% of the agar plate. In some experiments designed to test for thermal adaptation, amoebae of strain HL50 were grown for about 22 hr at 27.50C, at which time the plates were usually about 50% cleared of bacteria.
The amoebae were freed of bacteria by washing three or four times with 15 mM potassium phosphate buffer, pH 6.1, with intervening centrifugations of 1 or 2 min at about 500 X g, and resuspended in phosphate buffer at 1 x 107 amoebae per ml. Aliquots (1 ml) of the suspension were mixed with 0.3 ml of a suspension of washed charcoal in phosphate buffer (2%, wt/vol). The charcoal was added to mark the point of cell spotting. The cell/charcoal suspension was agitated and deposited in a line on 2% (wt/vol) water agar which was about 1 mm thick covering a 1 X 25 X 75 mm microscope slide.'The line of amoebae ( Proc. Natl. Acad. Sci. USA 80 (1983) 5647 ends to two metal bars. The bars were attached to a rack and pinion gear so that the wires could be raised and lowered. After spotting, the agar slides were placed on a temperature gradient (0.220C/cm), formed as described by Poff and Skokut (12) (Fig. 2A) . When the amoebae were removed from the gradient after 6 hr, the amoebae did not show a significant positive thermotactic response on gradients with midpoint temperatures of 14, 16 , and 18'C (Fig. 2B) . This trend continued, as can be seen from the results for amoebae exposed to the gradients for 9 and 12 hr ( Fig. 2 C and D (Fig.  3B ). With these pseudoplasmodia, the transition occurs at 18.7°C.
To measure adaptation, amoebae of D. discoideum strain HL50 were grown at 23.5°C or at 27.50C and exposed to the thermal gradients for 16 hr, and their responses were compared with those of the pseudoplasmodia of the same strain. HL50 amoebae grown at 27.5°C moved negatively on the gradients with midpoint temperatures below about 21°C, randomly on gradients with midpoints of 21 and 23°C, and positively with gradient midpoints above 23TC (Fig. 3A) . This (14) .
bae of strain H0428 showed positive thermotaxis throughout the entire temperature range (Fig. 4A) . Pseudoplasmodia of this strain also showed only a positive response throughout the entire temperature range (14) . At (17) .
Amoebae of strain H0813 demonstrated negative thermotaxis on gradients with midpoint temperatures below 210C and a positive response on gradients with midpoint temperatures of 24 and 260C (Fig. 4B ). This transition from negative to positive thermotaxis is significantly higher than that seen with HL50 amoebae grown at 23.50C. Pseudoplasmodia of strain H0813 showed a transition from negative to positive thermotaxis at 20.700 (14) . This transition is also significantly higher than that seen with pseudoplasmodia of HL50 but it is similar to the transition that H0813 amoebae demonstrate.
DISCUSSION
The low density of amoebae (less than 3 X 103 amoebae per cm2) used in these experiments permitted us to examine the effects of development on amoebal thermotaxis. Recently starved amoebae demonstrate positive thermotaxis throughout a wide range of temperatures. However, when the amoebae are left on the thermal gradient for 6 hr after they are removed from bacteria, no positive response can be seen on gradients with midpoint temperatures of 14, 16, or 1800. This "random" response may be the result of amoebae moving toward the warmer side of the gradient (3-hr time point) and then changing their preferred direction. These results suggest that the ability to respond positively on a thermal gradient is present early in development and may even be present in growing amoebae. The capacity to respond negatively develops shortly thereafter (before 6 hr), and subsequent time points show that it increases as development proceeds. This increase in the ability to respond negatively is reflected in the upward shift in the transition point as development proceeds. The apparent increase in the transition temperature from 16 hr to 20 hr may not be significant due to the decreased amplitude of the response, possibly as a result of the length of time on the gradient. The stages of development that occur after starvation but prior to cell-cell contact are (i) acquired chemotactic sensitivity to cyclic AMP, (ii) acquired capability to relay the cyclic AMP signal, (iii) initiation of autonomous cyclic AMP signalling, and (iv) increased cohesiveness, which is the result of the formation of contact sites (18) . Because the time course of development depends on cell density, the total number of cells, the homogeneity of the initial population, and culture conditions (19), we are presently unable to temporally place the development of the capacity for negative thermotaxis in this framework.
Comparisons between the temperature response curve for HL50 amoebal thermotaxis after 16 hr on the gradient and the curve for HL50 pseudoplasmodial thermotaxis reveal remarkable similarities. The shapes of both curves, the transition points, and the relative strengths of the positive and negative responses are analogous. These results suggested that pseudoplasmodial thermotaxis could be the product of the directed movement of individual amoebae within the pseudoplasmodia. To test this idea, the ability of the amoebae to adapt their thermal responses when presented with an altered growth temperature was tested. The amoebae were grown at 27.50C, as opposed to 23.50C, and then exposed to a thermal gradient for 16 hr. This difference in growth temperature raised the transition point from 190C to between 20 and 240C. If the pseudoplasmodial response is a composite of amoebal responses, the transition point of similarly treated pseudoplasmodia should be in this range. The transition point found when these pseudoplasmodia were examined was 20.50C. This upward shift from 18.7 to 20.50C was consistent with that predicted from other thermal adaptation experiments with pseudoplasmodia of other strains (13) and with that predicted on the basis of the amoebal experiments.
Clearly, the best evidence connecting pseudoplasmodial thermotaxis and amoebal thermotaxis is provided by the results with the mutants. Without exception, the amoebae of these strains showed alterations similar to those seen with the corresponding pseudoplasmodia. The easiest interpretation of these data is that pseudoplasmodial thermotaxis is a composite of the amoebal thermotactic responses.
The one difference found when comparing amoebal and pseudoplasmodial thermotaxis is the thermal sensitivity. The pseudoplasmodia give a strong response on a thermal gradient of 0. 110C/cm, whereas the amoebae demonstrate a weaker response on a gradient of 0.22°C/cm. This difference is easily explained when one considers that there are 104-105 amoebae per slug. It is reasonable to expect that the combined response of many amoebae would be greater than that of one amoeba. This emphasizes the sensitivity of the thermal responses in D. discoideum. The pseudoplasmodium can respond to a gradient of 0.0005TC across itself. It can be calculated that a single amoeba within the pseudoplasmodium must be exposed to (and responding to) a gradient of 0.00005TC across itself. This calculation is based solely on the relative widths of pseudoplasmodia and amoebae and assumes that the temperature measurement is spatial. The best evidence that the measurement is spatial in pseudoplasmodia is the observation of Poff and Skokut (12) that the first discernible turn by a pseudoplasmodium is always in the "correct" direction. In contrast, the first turn would be random for a temporal sensing system. It will now be necessary to examine amoebae to see if their thermal measurement is spatial or temporal.
The results presented in this paper show that the amoebae of D. discoideum demonstrate directed movement when placed on a thermal gradient. In spite of the fact that the amoebae are not permitted to aggregate and form pseudoplasmodia, amoebae show responses after 16 hr on the thermal gradient that are very similar to the responses of pseudoplasmodia on similar gradients. These similarities between the amoebal and the pseudoplasmodial thermal responses when mutants and thermal adaptation are examined strongly suggest that pseudoplasmodial thermotaxis is a result of the thermotactic responses of the composite amoebae. These observations should simplify the search for biochemical and biophysical steps in the thermosensory transduction pathway because they demonstrate that thermotaxis is not a function of the multicellular organization.
